Unusual large Pb isotope variations found by Vollmer and Norry (1983 a) in nephelinites from Nyiragongo and related volcanoes date a 500 Myr old U(Th)/Pb fractionation. U-Th-Pb systematics suggest that U,Th and radiogenic Pb are concentrated in an accessory xenocryst phase. We undertook a detailed mineralogical and chemical study of rock C9872, which is characterised by extreme radiogenic Pb isotope abundances, but did not find such xenolithic phase. Major element abundances of C9872 are close to average Nyiragongo nephelinite compositions. Among minor elements only Th and U are exceptionally enriched by an order of magnitude. Neither melilite nor perovskite were observed in C9872. Melilite may have broken down to a calcium bearing fayalite during late stage Fe metasomatism (Sahama 1961 (Sahama , 1978 . Possible U and Th hosts include minerals normally associated with carbonatites such as perovskite or pyrochlore. However, either these phases remained undetected or were broken down during Fe metasomatism, although the undisturbed U-Th-Pb systematics imply that none of these elements were added or lost in this process. We propose that U and Th bearing minerals from a 500 Myr old carbonatite or carbonatite precursor (metasomatised mantle?) were incorporated into the nephelinite magma.
Introduction
Heterogeneous enrichment of the subcontinental mantle in lithophile (LIL) elements by metasomatising fluids is increasingly regarded to be a precursor to alkaline volcanism (e.g. Lloyd and Bailey 1975; Menzies and Murthy 1980; Wass and Rogers 1980; Bailey 1982; Menzies et al. 1983; Chauvel and Jahn 1984) . However, little is known about the time relationship of metasomatism to volcanism. Upward migration of volatiles may provide not only the means of chemical enrichment of the mantle but also the trigger of igneous activity (Bailey 1980 (Bailey , 1982 . Nd and Sr isotope data from nodulps suggest that LIL element enrichment may be contemporaneous with volcanism in some cases but be in others a much earlier event (Menzies and Murthy 1980; Erlank et al. 1982) . It seems, that it has only once so far been possible to date a metasomatic event in the mantle fairly precisely. found unusually large Pb isotopic variations in nephelinites from Mt. Nyiragongo, Zaire. Although these authors were unable to dismiss the possibility that the Pb isotopic variations were caused by crustal contamination, they favoured the interpretation that these isotopic compositions are representative of the magma sources in the mantle and date a 484 ± 28 (2a) Myr old metasomatic event which caused variable and, in one case, extreme fractionation of U/Pb and Th/Pb. Assuming their inferences to be valid, it would define mantle metasomatism in this area as an old event and probably only of some tens of million years duration rather than a continuing process as suggested by Bailey (1977) .
The model would have further and more general implications:
(i) Alkaline volcanism could here not be directly caused by rising mantle diapirs as suggested e.g. by Morgan (1971) and Allégre et al. (1981) for alkaline volcanism generally. Partial melting would rather be a response to decompression and rising geotherms during rifting and thinning of the lithosphere and may be initiated preferentially within metasomatised mantle domains (Vollmer and Norry 1983 b) .
(ii) The U(Th)/Pb fractionation patterns inferred for metasomatism of the Nyiragongo source could then possibly also provide an answer to the more complex evolution of the U-Pb decay system relative to the Sm-Nd and Rb-Sr systems which is suggested by the Pb, Nd and Sr isotopic features of oceanic basalts (Vollmer 1983) .
To investigate further the question of mantle metasomatism versus crustal contamination for Nyiragongo magmas we present here a detailed mineralogical and chemical analysis of one rock, C9872, for which extreme radiogenic Pb isotopic compositions were observed. 
Nyiragongo Pb isotopic variations
The Virunga volcanic field ( Fig. 1 ) lies within the western branch of the East African rift system. Melilite-and leucite-nephelinites from Nyiragongo (Sahama 1978) and associated small volcanoes (Bushwaga and Goma among others) are petrographically distinct from other Virunga volcanic rocks which vary from leucitites, leucite-bearing tephrites and phonolites to latites (Holmes and Harwood 1937) .
Pb isotope data for Nyiragongo and associated nephelinite volcanoes are compared in Fig. 2 with the range of mantle variations as defined by oceanic basalts. The three extreme radiogenic points are triplicate sample dissolutions of ~ 100 mg fractions taken from a powdered sample of rock C9872. The measurements are distinct and outside the analytical uncertainty, indicating heterogeneities in the powdered sample. The lava is not in isotopic equilibrium on a handspecimen scale. This is uncommon for young volcanic rocks, but does not seem to be exceptional for Nyiragongo lavas: Two other samples (C9958, C3022) are also heterogeneous in their Pb isotopic compositions (see Table 2 in . This suggests that the radiogenic Pb and by inference the radioactive parent elements U and Th are concentrated in an accessory xenolithic phase which failed to equilibrate with the melt. The same conclusion can be reached from the U-Pb isochron diagram (Fig. 3) (Fig. 3) . In other words, the U/Pb ratio of sample C9872 is identical with the source U/Pb ratio. The agreement is unlikely to be fortuitous because the measured Th/U ratio of 4.9 (Table 2) is also identical with source Th/U = 5.0 inferred from the Pb isotopic ra-tios. U-Th-Pb has not been fractionated either by partial melting or by subsequent processes such as fractional crystallization, gaseous transfer in the volcanic conduits or leaching and redeposition of U. The results are probably consistent only with the U, Th and radiogenic Pb in the rock being concentrated in accessory xenocrysts. It should be noted that the other two samples for which U and Pb concentrations were reported (Table 2 , Vollmer and Norry 1983 a) have U/Pb ratios in excess of inferred source ratios (Fig. 3) implying U gain or Pb loss (less likely because Pb is not unusually low) during the volcanic activity.
Vollmer and Norry (1983 a) discussed whether crustal contamination or a mantle enrichment event is responsible for the extreme Pb isotopic compositions. Common crustal rocks are unsuitable as a contaminant as the radiogenic Pb of C9872 could only have developed in -500 Myr old U and Th mineralization. Mineralizations associated with 500-600 Myr old granites are found to the north-east of Virunga (Cahen 1970) . Clearly, the possibility of contamination cannot be lightly dismissed.
Against a crustal origin of the U and Th rich xenocrysts is that all analysed Nyiragongo rocks but none of the associated Virunga potas- Pb (ji) for nephelinites from Nyiragongo and associated cones. Oceanic basalts generally plot within the box, but much of the observed variations in n (5-20) are due to late-stage U/Pb fractionation accompanying volcanism; oceanic basalt mantle source variations are estimated to be within /t = 9 ±3 (Tatsumoto 1978) . This estimate is used in conjunction with the least radiogenic Pb observed for Nyiragongo rocks to constrain the initial value of the 484 Myr reference isochron to 206 Pb/ 204 Pb = 18.5. The age of this reference isochron is derived from Fig. 2 . 238 U/ 2M Pb (fi) for rocks C9958 and C3022 has been strongly fractionated at some time during partial melting or the volcanic activity, probably by U gain as Pb concentrations are high. By contrast, n for C9872 could not have been significantly fractionated; the measured value is still representative of n in the source region for this magma batch. Although Pb and U are both Ayg-elements and partition into the melt fraction during partial melting, lack of fractionation points to U and Pb being concentrated in an accessory xenolithic phase. The same is true for Th (see text). Data from .
• C3022 (Vollmer and Norry 1983 b) . If these authors are correct in their suggestion that the sources for the Virunga potassic magmas lie at shallower levels than the Nyiragongo source, then these magmas would not be able to pick up the U, Th and radiogenic Pb carrying xenocrysts. Alternatively, the lateral extension of the Nyiragongo source could be limited towards the north and north-east to ~ 10 km (Fig. 1) .
Nephelinite C9872
The single rock examined here is a grey finegrained vesicular leucite-nephelinite, C9872, (Tables 1, 2 ) was carried out on the rock powder used in the isotope study of Vollmer and Norry (1983 a). The major element levels are similar to those of lavas from the Nyiragongo field, including Goma, previously determined by Sahama and others, e.g. in Bell and Powell (1969) . They illustrate the highly undersaturated feldspathoidal nature of the rocks which is unique to the Virunga field and which is not represented in the volcanic area to the east -the Bufumbira volcanics (Holmes and Harwood, 1937, p. 233) . The abundance of nepheline is shown by the high Na 2 0 values which ap- proach and even exceed (Table 1) those of K 2 0 contrasting with the high K 2 0/Na 2 0 ratios seen in Bufumbira where nepheline is comparatively rare. The combination of low silica with low magnesia is typical of the Nyiragongo field. Trace element abundances are listed in Table  2 . Zr concentrations reported by Bell and Powell (1969) are probably too high. Other discrepancies could possibly be due to sample heterogeneity. REE abundances in C9872 and a melilite-nephelinite (C3022) from Nyiragongo are similar (Fig. 4) . Both rocks are more strongly enriched in the LREE than most primary nephelinites from oceanic and continental regions. The concave upwards patterns suggests residual clinopyroxene and/or clinopyroxene fractionation (Irving 1978) . Nephelinite C3022 has a small positive Eu anomaly (Eu/Eu* = 1.02) as is observed in most alkali-basalts and nephelinites for which precise analyses are available (Kay and Gast 1973; Sun and Hanson 1975) .
Magmatophile (hyg) elements normalized to primitive mantle abundances (Wood et al. 1979) are plotted in Fig. 5 for C9872 and a nepheline-leucitite from Nyiragongo and, for comparison, a nephelinite from Hawaii (Clague and Frey 1982) . The extreme enrichment of U and Th in C9872 is immediately apparent. Large Zr differences between the two Nyiragongo samples could be due to analytical difficulties. Other minor element abundances in C9872 do not seem to be unusual for Nyiragongo magmas. Th and U are the only elements among those measured which can be correlated with the unusual radiogenic Pb in C9872.
Nyiragongo nephelinites are enriched in hygelements relative to Hawaiian nephelinites: Rb, K, Ta and Nb by 4-500 % and other trace elements, with decreasing incompatibility, by 100 %-30
Mineralogy
Clinopyroxene is the dominant mafic silicate. Under the microscope it occurs as pale pink . //vg-element abundance patterns normalized to estimated primordial mantle abundances (Wood et ai, 1979) for leucite-nephelinite C9872 and a nephelinite-leucitite from Nyiragongo compared with a Hawaiian nephelinite (68PB-2: Clague and Frey 1982). Ne-leucitite concentrations are for C3023 (Mitchell and Bell 1976; Bell and Doyle 1971 ) except for P and Ti which are average Nyiragongo leucitite abundances (Bell and Powell 1969) . Zr could be in error.
subhedral to euhedral phenocrysts with zoning, and rather paler anhedral grains in the groundmass. The phenocrysts are Al and Ti rich salites with iron enriched rims as recorded by Sahama (1976 Sahama ( , 1978 in nephelinites from the Nyiragongo main cone. The groundmass clinopyroxenes include varieties poorer in Al and Ti (Table 1) but considerably iron enriched (ferrosalites).
Leucite composition corresponds to almost the pure KAlSi,0 end-member with little or no sodium. Traces of calcium attributed to apatite impurity by Sahama (1978) may be real.
Nepheline also contains traces of this element (one analysis with over 2 % CaO remains to be checked). The potassic nature of the nephelines in the Goma nephelinite (Bowen and Ellestad 1936) is confirmed although the K,0 level is less than that quoted by these authors and by Sahama (1978) for the Nyiragongo main cone (K,0 range 11.1 -12.7 wt %). Although leucite and nepheline are clear in thin section both minerals are traversed by randomly oriented laths and needles of clinopyroxene and apatite respectively. Some of these could possibly be melilite but this mineral was not confirmed with the microprobe.
Small groundmass olivine microphenocrysts proved to be of a very unusual composition, corresponding to calcium fayalite, or more strictly, calcium ferro-hortonolite, since Fa = 86 Sahama (1978) has reviewed the olivine data from the Nyiragongo main cone. Here the olivines of the forsterite -fayalite series vary around Fa = 20 %! In addition, he describes olivines of the monticellite-kirschsteinite series mostly enriched in the kirschsteinite end-member, CaFeSi0 4 , which are not known from elsewhere.
An unknown sodium iron silicate enriched in barium occurs in the groundmass.
Spinel is an abundant constituent both as phenocrysts and granules scattered through the groundmass. The analysis corresponds to a solid solution of 69 °7o magnetite, with some additional ions mainly Al, and 31 % ulvospinel with a little Si.
Perovskite was not found.
Assimilation and metasomatism
In the classical assimilation hypothesis of Holmes, the melilite leucite nephelinites of Goma are regarded as being close to the hypothetical magma »X» which, when it has »in-vaded, disintegrated and partially transfused and assimilated» biotite pyroxenite and peridotite, gives rise to more potassic and mafic types of lavas (Holmes and Harwood 1937, p. 81-83) .
In modern terms, phlogopite (biotite)-pyroxenite and -peridotite equate with metasomatised mantle with nephelinite being a partial melt thereof. It appears that late, high-level metasomatism, in particular of Fe, has also played a role. Sahama (1978) has demonstrated that during Fe metasomatism melilite breaks down to nepheline plus olivine of magnesium bearing kirschsteinite (CaFeSiOJ composition. In our specimen, metasomatism appears to have been more extreme with the formation of calcium bearing fayalite (Fe 2 Si0 4 ) and groundmass ferrosalite. With the breakdown of melilite, perovskite seems also to disappear. Possible phases to host U, Th and radiogenic Pb include the minerals normally found in carbonatites and associated rocks: perovskite, pyrochlore (Na,Ca) 2 Nb 2 0 6 (0,0H,F) ± U, monazite (± REE, Th) and zircon/baddeleyite. These either remained undetected or have been resorbed and destroyed during high-level Fe metasomatism. In the latter case, U, Th and radiogenic Pb should now be found on grain boundaries. The undisturbed U-Th-Pb systematics for rock C9872 (see above) would then imply that these three elements were neither added nor lost in this process.
A close relationship between nephelinites and carbonatites in east and central Africa has been summarised by LeBas (1977) who suggested that it may be due to silicate/carbonate liquid unmixing during upward movement of a parental carbonatitic olivine nephelinite magma. The extent to which this process may have operated in the Nyiragongo field is unknown. At least three rift-associated carbonatite centres occur to the north of this field (Lueshe, Fort Portal and Bwera, a new discovery south of Ruwenzori -J. D. Lytham, personal communication). Lueshe is an eroded centre of greater age than the recent Nyiragongo lavas. Clearly there could be other carbonatites beneath Nyiragongo which have contributed U and Th to the nephelinite magmas.
It is possible that ca. 500 Myr ago, beneath Nyiragongo, both silicate and carbonatite magma fractions evolved. There is some evidence from abundant groundmass carbonate in melilite nephelinites (Sahama 1978 tios are lower implying a source evolution with Th/U less than 5 (see Fig. 4 in Vollmer and Norry, 1983 b) .
In conclusion, our evidence suggests that carbonatite-related minerals of the kind mentioned above were incorporated into the nephelinite magma and remained stable possibly until broken down during the late high-level Fe metasomatism event. Carbonatite itself or a carbonatite precursor can reasonably be regarded as a result of mantle metasomatism. Therefore our data support the conclusion of that the radiogenic Pb of C9872 dates a ca. 500 Myr old metasomatic event in the mantle.
